This paper describes a study of m a t r i x effects related to the chemical form of materials analyzed. The study was made using an arc in argon buffered with silver chloride. The effect of chemical form was minimal for a variety of metals, oxides, and carbides representing the m o s t refractory compounds and t h e r m a l l y stable metal-containing molecules. Among these, only f o u r of the m o s t refractory materials k n o w n showed significant emission depressions due to incomplete volatilization in the arc system. These results are discussed in terms of vapor pressure of the solid materials placed on the anodes and dissociation reactions of the molecules in the gaseous environment.
INTRODUCTION
One of the more troublesome characteristics of emission spectrochemical analysis is the dependence of emission intensity on the chemical form of the analytical specimen. Control of this effect involves critical and costly preparation of standards and samples to ensure that the chemical forms of the major and minor constituents in the sample are as nearly the same as those of Received 19 November 1975 ; revision received 22 J a n u a r y 1976.
Volume 30, Number 3, 1976 the calibration standards as is possible. Inadequate control of this effect is possibly the primary cause of wide interlaboratory variability in analytical results. To avoid the practical problems encountered in converting samples to standard chemical forms and to improve analytical accuracy, excitation systems are needed in which the effects of sample chemistry are minimal. The purposes of this work, therefore, were to define quantitatively the effects of chemical forms of samples being analyzed by using an AgCl-argon arc system described previously ~ and to provide a more quantitative understanding of the processes in the arc relating to this problem.
The primary processes occurring in the arc during spectrochemical analysis include the thermophysical reactions leading to the formation of free atoms and the subsequent excitation of atomic emission. These processes have been discussed in detail for arcs in air. ~ The characteristics of the AgCl-argon arc system with respect to excitation effects also have been described. ~ The work of this report was primarily concerned only with those processes related to conversion of solid samples to free atoms in the arc column.
The formation of free atoms in the arc column is dependent on the vapor pressures of the solid constiLu-ents placed on the electrode and on the dissociation of molecules in the hot arc gas. The influence of these factors has been studied for arcs in air by examining the high temperature reactions on graphite electrodes ~ and the thermochemical equilibria of stable monox-ides2' 7 Although these studies have provided a better understanding of complex arc mechanisms, the practical problem of matrix effects caused by variable chemical forms is still controlled by closely matching the chemistry of standards and samples.
In the AgCl-argon arcing procedure, excitation conditions in the gas phase were effectively buffered by flooding the arc column with AgCl. In this method the original chemical forms of the samples were destroyed by dissolution in acids. Small amounts of the acid solutions were dried on carbon anodes, and the chemical forms of the resulting residues were relatively invariable for both standards and samples. As a result of excitation buffering with AgC1 and because the original sample chemistry was changed through acid dissolution, the calibration curves were applicable to a wide range of elemental compositions.
This residue arc procedure has been applied to the quantitative analysis of a wide variety of sample forms and compositions which are easily dissolved. However, because of limitations imposed by sample preparation, the procedure is of more limited use for materials which are not easily dissolved. Examples of samples which are rarely soluble in acids include products derived from superalloy oxidation research, particles filtered from the air, and other nondescript residues commonly received in a typical spectrochemical laboratory. Such materials often require more than 90% of the total analysis time for preparation of their solutions.
The data presented in this report establish the fact that analysis results obtained by using the procedure specified are virtually independent of the chemical form of the materials placed on the anodes. Therefore, analysis of refractory oxides and other acid insoluble materials can be performed by using calibration curves prepared from metals in acid solution, With minimal effects of sample chemistry this procedure is now directly applicable to both liquid and solid samples.
I. P R O C E D U R E
To test the effects of sample form on emission intensities, water dispersions of selected compounds were prepared and pipetted onto carbon electrodes. The necessity of using carbon rather than graphite anodes has been discussed.' These electrodes, also containing 4 mg of AgC1, were arced for 15 sec in an argon atmosphere. The procedural details, including those relating to electrode configuration, arc chamber, and arcing program, are the same as those reported previously.' In this section only those details which relate specifically to this work or are considered of special importance are described.
The time-integrated intensities from metal elements obtained with the solid compounds were compared with the intensities obtained with the same quantity of metal in acid solution. Differences observed were classified as being within or outside the experimental error. On the basis of these data, the effects of sample chemistry in this arcing system were generalized in terms of vapor pressures and molecular stability.
A . Materials Tested. The compounds and metals  tested were selected because they represent intermediates and extremes with respect to low vapor pressure  and high molecular stability. These materials included  A1, A1203, W, WO3, WC, Ta, Ta~Os, TaC, Mo, ZrO~, ZrC,  SiC, SiO2, ThO2, TiC, TiO2 , Nb, NbC, and HfC. All of these materials had greater than 99% purity.
B. Preparation of Dispersions. All of the materials tested were obtained as powders, usually -325 mesh. The brittle compounds were further hand ground in a boron carbide mortar with ethanol to form a paste. The ethanol was evaporated, and the ground material was weighed into glass vials. Water was added to obtain a concentration of about 0.5 mg/cm 3. The mixture was either shaken by hand or placed in an ultrasonic water bath to break up agglomerates and to achieve a good dispersion of particles.
C. Accuracy of Pipetting Procedure. A precision 0.010-cm 3 pipette was used to transfer the dispersed material onto carbon electrodes. The pipette accuracy for true solutions was better than 1%. However, because of particle settling during the pipetting operation, the accuracy of transferring solid dispersions in this way was determined independently. This was done by recovery experiments in which the dispersed material was shaken by hand and a 0.010-cm ~ aliquot was immediately transferred to a weighing pan. Five 0.010-cm 3 aliquots were combined on the weighing pan, dried at 150¢C, and weighed with a microbalance having a direct readability of 0.1 t~g. Typical weights were between 25 +_ 2 and 45 ± 2 tLg. All of these pipetting operations closely simulated the experimental procedure for transferring the dispersions and drying them on the carbon anodes. With the gravimetric procedure as a check, relative errors in the pipetting operations were kept within about 5 to 10%. D. Addition of Dispersions to Carbon Anodes. Four milligrams of AgC1 was formed on each electrode before the dispersion sample was added. The AgC1 was formed on the electrode by first adding 0.010 cm ~ of 2.8 N AgNO3 solution and then adding 0.010 cm :~ of 6 N HC1. The dispersed material was added to the carbon anodes at 150°C by using a 0.010-cm ~ pipette. The liquid was immediately adsorbed as a thin layer within a few millimeters of the tip of the porous carbon electrode and dried within about 5 sec. The determination of the metal constituent of each compound in aqueous dispersion and its respective acid solution was repeated five times.
E. Arcing Procedure. The AgC1 residue and the particulate sample were vaporized from the electrodes over a 15-sec period in an argon atmosphere. The arc current was 10 A at the beginning of the arcing cycle and 30 A at the end of the arcing cycle. The integrated emission intensities were recorded for the entire 15-sec arcing cycle.
F. Optical Aperture and Arc Geometry. In experiments involving measurement of atomic emission from arcs, the results and their interpretation are strongly dependent on the region of the arc column under observation. The arc is inhomogeneous both axially and in cross-section with respect to electron, atom, and ion densities and with respect to temperature. Therefore, specification of the optical system linking the arc with the spectrometer is appropriate.
The grating was the limiting optical aperture of the spectrometer and external optical system. The vertical arc was focused on the grating collimator in a spectrometer of 1.50-m focal length. The geometry of the object field bounded by the arc column is shown in Fig. 1 . The field was formed by crossed cylindrical lenses external to the spectrometer. Emissions originating in this field and intercepting the grating collimator aperture were detected and recorded.
G. Analysis of Solid Materials. The analysis procedure for solid materials was substantially identical with that described in Section IE for performing tests of vaporization. The sample was finely ground in a mortar, weighed, and warmed in an acid mixture consisting of 3 parts 38% HC1 and 1 part 70% HNO3. One cubic centimeter of the acid mixture was added per 10 mg of sample. This mixture was then diluted with water so that the resulting dispersion contained 1 mg of sample per cm :~ of liquid. The dosing of dispersions and the arcing procedure were likewise the same as those described for acid solutions. 1 The acid concentration of the final solution was not critical. Whether the solid material went into solution, decomposed, or remained as an inert suspension was immaterial with this procedure. However, if the solid material is even partially decomposed by the acid, then quantitative verification of material transfer in the dosing operations cannot be done by using the gravimetric procedure described in the Section IB because of uncertain stoichiometry. There- fore, practice with the gravimetric method using water dispersions is desirable to gain experience in processing dispersions.
The time integrated intensities were transformed to absolute amounts of metals by using known concentrations of metals in solutions.1 The reference standards were appropriate blends of single elements in solutions covering the desired ranges of the metals being analyzed.
II. RESULTS AND DISCUSSION
A. Experiments on Effects of Chemical Form. Table I is a summary of the results of the experiments on the effects of chemical form. The table lists the chemical forms of the materials applied directly to the carbon anode and also the acid media used for the calibration solution. The last column presents the relative difference between the amount of solid material added and the amount determined. This difference indicates the potential relative error in the analysis results that might be caused by sample form. The only compounds that were not quantitatively recovered, as indicated by relative differences exceeding the experimental error of about 10% of the amount present were W, WC, NbC, and TaC.
B. Analysis of Typical Dispersion. Table II is a summary of analysis results obtained on a sample of material that is insoluble in acids. This material is a chrome refractory ore designated by the National Bureau of Standards as the standard NBS-103. This material typities a class of materials which are insoluble in mineral acids and which usually require alkali fusions preliminary to dissolution. The most effective method for dissolution of this standard is fusion in sodium peroxide. The accuracy of results shown in Table II is typical of the analysis of aqueous dispersions and is acceptable for many specimens of miscellaneous residues which are submitted to a spectrochemical laboratory.
When samples containing compounds other than those investigated in this work are analyzed, the effect of sample chemistry can be estimated by generalizing the results in Table I . These generalizations were made on the basis of thermophysical properties of the compounds, namely, vapor pressures and dissociation constants, as discussed in the next section.
C. Model of Vaporization and Atomization in Silver Chloride-Argon Arc. Fig. 2 illustrates schematically the processes that occur in the AgCl-argon arc when solid materials on the anode are converted to free atoms in the arc column. These processes ultimately produce the light emission which is the basis of quantitative measurements. The three processes illustrated in Fig. 2 that relate to matrix effects of sample chemistry are volatilization, molecular dissociation, and emission excitation. The figure shows possible solid-state reactions that involve formation and dissociation of carbides, oxides, or chlorides because these are the predominant reactive species in this arc system. The vapor pressure and thus the rate of volatilization are dependent on the specific compounds either deposited initially or formed on the anode by chemical reaction.
1. Vaporization. The data in Table I indicate the a Amount determined is significantly lower than amount added to anode. importance of vapor pressure inasmuch as only TaC, NbC, W, and WC were apparently incompletely vaporized. This suggests that the formation of chlorides producing volatile W compounds, for example, is not a primary reaction with these arcing conditions. The correlation between the vapor pressures and the differences in emission intensities for the metals as solids and in acid solutions is shown in Fig. 3 vaporization to about 20% or less. With this correlation it was possible to generalize the effect of vapor pressure on percent vaporization. On the basis of this figure we concluded that any material with vapor pressure greater than that of HfC will be quantitatively vaporized in this arc system. The only materials known to have vapor pressures lower than HfC are those included in this study, namely, NbC, WC, W, and TaC. In addition, we presume that compounds that decompose to these forms will also be incompletely vaporized. Therefore, the hundreds of other metals and compounds analyzable by this arc system will be quantitatively vaporized. This model of vaporization as a function of vapor pressure does not suggest, however, that the total production of vapor necessarily occurs on the carbon anodes. There exists the possibility that materials entrained by the AgC1 vapor are carried from the anode up into the arc column and are vaporized there. This mech- Vapor pressure (3000 K). arm Fro. 3. Relation between vapor pressures of materials added to anodes and differences between amounts added and determined. Other compounds vaporized with differences equal to or less than +_10% and whose vapor pressures are greater than 10 -:} atm at 3000OK: A12Oa, Ta2Os, WO~, ZrO2, SiC, SiO2, ThO2, and Ti02.
anism is reminiscent of the so-called carrier effect, 11 which has not been satisfactorily explained.
Atomization.
After the sample material is transported into the hot arc column, the thermal dissociation of molecular species is necessary to form the desired free atoms. Incomplete dissociation is a type of matrix effect which is related to sample chemistry. The experimental results of Table I indicate that thorium monoxide (ThO), the most stable metal-containing molecule known, was quantitatively dissociated in the arc column. It was therefore concluded that analysis errors caused by incomplete dissociation probably were not significant in this arc. However, because ThO was neither directly observed nor shown to be present in the arc gas, an approximate model of molecular equilibrium was developed to determine whether estimates from arc theory were consistent with experimental observations.
To estimate the percent error caused by dissociation equilibria in the arc column several assumptions were made. First, and most important, we assumed a steadystate condition in the arc during the vaporization process so that equilibrium constants for molecular dissociation could be used to estimate concentrations of molecules and atoms. Second, we assumed a condition of local thermal equilibrium with an effective temperature averaged over the arc volume from which the light emission was taken. These assumptions are generally considered valid within the limitations discussed previously. 2 The effective temperature was measured by using the 307.2-and 307.6-nm atomic zinc lines, according to the two-line method. 2 The volume-averaged temperature for the AgCl-argon arc was 6000OK. Because of these assumptions and others 2 the calculations of partial pressures are accurate only to within about a factor of 10. However, the estimates of percentage of analysis error are accurate within a factor of approximately 2 to 3.
Because metal monoxides are the most thermally stable metal-containing molecules and because oxygen molecules are about 95% dissociated at 6000°K, the equilibrium expression of interest is
where M is the metal atom and MO is the metal monoxide. The formation of metal carbides and metal halides is less likely in this arc than the formation of monoxides because the carbides and halides generally have lower dissociation energies than the monoxides. In spite of the fact that carbon electrodes are used in this arc, a very minute amount of carbon is vaporized. From spectral line intensities the partial pressure of carbon is estimated to be about the same as the oxygen partial pressure that results from dissociation of metal oxides. Furthermore, the formation of the exceedingly stable CO molecule is also ignored in this analysis. Formulation of CO would further reduce the availability of carbon and oxygen to combine with metal atoms. Thus, the predictions of analysis errors due to incomplete dissociation based on Eq. (1) represent upper error limits.
A ranking of the most stable monoxides 12 is shown in Table III . Of the monoxides listed, ThO, TaO, SiO, ZrO, and NbO were derivable reactants from the oxides in- where PT is the total partial pressure of metal-containing particles. Through substitution of Eqs. (3) and (4) in Eq.
(2) we obtain PMO ----2Kp(PT -PMO) 2 (5) From Eq. (5) we calculate the ratio of thorium metal to thorium monoxide as a function of the total pressure of metal-containing species PT. This ratio is in terms of partial pressures and is approximately equal to the ratio of particles for heavy metals such as thorium. The estimate of this ratio requires an estimate of PT. This estimate was made from the known quantity of metal oxide placed on the anode, the volume and temperature of the arc column, and the average lifetime of the vapor in the arc column. The lifetime is also referred to as the transit time. The details of this estimate are given in the appendix.
The value Of PT estimated by this method was 5 × 10-" atm (0.5 Pa). At this total pressure, application of Eq. (5) shows that the fraction of undissociated ThO is less than 1 part per 10 000 of total metal. This represents a totally negligible analysis error. In fact, to produce a pressure ratio of 1 part of ThO to 10 parts of Th, the approximate experimental error of data in Table I , requires a total partial pressure of about 10 -~ atm . This is estimated to be several orders of magnitude higher than metal vapor pressures in the AgCl-argon arc under the conditions used in this work. From this analysis we concluded that effects of sample chemistry due to incomplete thermal dissociation were negligible in our experiment.
This conclusion was recently confirmed in an unpublished study by F. J. Kohl of this laboratory. Using a computer program for calculating complex chemical equilibrium compositions, 14 he made a more complete thermodynamic analysis of the equilibrium species in this arc system, including silver, chlorine, argon, carbon, oxygen, and thorium. The results showed that the composition of thorium-containing species was about 99.9% Th at 6000°K, and about 99.5% Th at 5000°K. The calculations did not take into account the oxygen supply from other oxides which may be present in a real analytical specimen. However, inasmuch as the maximum amount of specimen usually vaporized is 30/zg, about 6 times the amount tested, this additional source of oxygen will also be negligible.
III. CONCLUDING REMARKS
In this report, conditions are described under which the integrated emission intensities of metal compounds are minimally dependent on the chemical form of the samples. Among those materials tested only a few refractory materials, including W, WC, NbC, and TaC, gave low emission intensities of the metal constitutents, compared with the same amount of metal in acid solution. Because these are the most refractory materials known, it was concluded that all other metals and compounds will be quantitatively removed from the anode. From experimental evidence, supported by thermochemical estimates, it was also concluded that effects of sample form related to incomplete molecular dissociation are also negligible. These desirable characteristics of the arc system derived from five experimental features. First, the sample weighs only a few micrograms and is vaporized to completion. Second, the sample is deposited as a thin layer and experiences the maximum temperature of the anode spot. Third, the anode material is carbon, rather than graphite. Fourth, the discharge is conducted in an argon atmosphere, which minimizes the oxygen and carbon available in the gas phase and thereby minimizes formation of stable metal oxides and metal carbides. Fifth, the gaseous arc environment is at a high temperature. In addition, particles may be removed from the anode surface to the hot arc gas by entrainment by the silver chloride vapor; this possibility was not confirmed.
These properties of the arc system make it well suited for quantitative analysis of solid materials without prior dissolution. Furthermore, the quantitative calibrations for these analyses are conveniently made from single elements in acid solutions. The accuracy of analysis is presently limited to about 10% of the amount present with the primary source of error being the method of sampling very small volumes of dispersions which undergo sedimentation. In applications wherein this accuracy is acceptable, the analyses are uniquely simple. Sample preparation of even the most acid-resistant materials takes typically about 5 rain, including time to pulverize the solids and prepare liquid dispersions, whereas some corrosion-resistant materials require hours of chemical processing to effect their dissolution.
Partial pressures of metal and monoxide in the arc column cannot be calculated with precision because of lack of data for arcs in general and for the AgCl-argon arc in particular. Estimates can be made, however, from available data to within a factor of about 10 of the actual pressures.
Eq. (1) represents a model of vapor concentration in the arc column; it is a greatly simplified model which assumes a homogeneous steady-state condition for processes that are highly dynamic:
where f = fraction of anode material entering discharge zone; z = transit time of atoms and molecules in arc column (seconds); t = total vaporization time of material on anode (seconds); g/A = material vaporized (moles); R = gas constant, 82.1 (cm:~)(atm)/(mol)(K); T = gas temperature (degrees Kelvin); and V = volume of arc column (cubic centimeters).
The number of moles of metal plus metal monoxide placed on the electrode is known, as is the total time of vaporization t. The time averaged vaporization rate is calculated from measured emission intensities to be about one-half of the peak rate. The time-averaged rates are used in this estimate. The emission rates were shown previously to be directly proportional to metal concentrations in the arc column. 1 The volume of the arc column V can be estimated from the diagram of Fig. 1 . With an interelectrode spacing of about 1 cm, the total arc volume is about 1 c m 3 .
The fraction of material actually entering this volume compared with the total amount that enters the larger volume of the surrounding chamber is f. Of all the parameters of Eq. (A1), the estimate of f has the greatest error limit, perhaps as much as a factor of 10. In this analysis we assume f = 1, that is, all the vaporized material enters the interelectrode volume. Therefore, the estimates of partial pressures and predicted analysis errors will be high.
The mean lifetime of atoms in the arc volume is estimated to be about 5 msec from experimental data for arcs in air. ~ This estimate is probably within a factor of about 2 of the actual value.
The temperature T was measured spectroscopically at 6000OK, as discussed in the Section IIC2. It should be understood that this temperature is a volume-averaged o n e . When the estimates just given are used in Eq. (A1), the partial pressure of thorium plus thorium monoxide is 
INTRODUCTION
It is somewhat disturbing to realize that, although there is an active and continuing dialogue concerning the accuracy and precision of spectrochemical methods of analysis, ~-' adequate attention is still not given to these subjects. An analytical technique that has proved successful under research conditions may give misleading results when applied to large-scale routine analytical programs where interferences and element response may be markedly different. Interlaboratory and instrumental precision and accuracy leave much to be desired, a This paper describes an attempt to discover and correct systematic errors in the dc carbon arc emission spectrographic procedure described by Avni and coworkers" for determining the common trace and minor elements in silicate rocks and minerals. This investigation is based on a long-term cooperative effort by two participating laboratories: The Geochemistry Division of the Geological Survey of Israel and Negev Center for Nuclear Research.
The present approach has been to determine precision and accuracy in several ways. Standard reference silicate materials and other silicate rocks were analyzed over a considerable period in both laboratories by emission spectroscopy. The data reported in the literature"-" have shown that this method is both precise and accurate for the determination of Ti, Mn, Cr, V, Co, Cu, Pb, Sn, B, Cd, Zr, Ga, Sr, and Ba. This was achieved as a result of the similarity of the spectrochemical parameters (volatilization rate, plasma and electrode temperature, and axial distribution of intensity) between silicate samples and SiO~-based standards." (3) The data obtained by this spectrographic procedure are compared with atomic absorption spectrometric '° and X-ray spectrometric" procedures.
I. EXPERIMENTAL PROCEDURES
A. Sample Preparation. A representative sample was ground in a puck-type Siebtechnik grinder to less than 250 mesh. The usual precautions were taken in order to minimize contamination.
B. Atomic Absorption Procedures. 1. Instrumentation. All measurements were made with a Perkin-Elmer model 303 atomic absorption spectrometer. Two types of burners were employed: a three slot burner for airacetylene flames and a single-slot burner for nitrous oxide-acetylene flames. Different types of source lamps were employed. The alkali metals were determined with arc discharge lamps, and other elements were determined with mono-or multi-element hollow cathode lamps. Standard operating conditions were employed.
2. Method of Dissolution. The use of alkali fluxes for silicate dissolution has the disadvantage of limiting the use to elements other than sodium, potassium and lithium. Thus samples were decomposed and brought into solution using the following acid procedures: (a) rapid decomposition of the silicate using a Bernas-type Teflon
